The infrared spectra of the hydroxyl region and of the regions associated with chemisorbed CO 2 and pyridine species on pure and modified aluminas loaded with various amounts of Li + or SO 2-4 ions were investigated. It was found that, following treatment with lithium acetate or ammonium sulphate, the same -OH groups were involved in both modifications, acting in turn as acidic -OH groups capable of exchanging their protons with lithium ions or as basic groups capable of exchanging with acid sulphate anions or acting as strong nucleophiles to form hydrogen carbonates with carbon dioxide.
INTRODUCTION
The catalytic activity of doped or supported oxides is considered to depend strongly upon the acidity or basicity of these oxides. The support influences the nature and extent of metal oxide/support interaction strongly, the physicochemical properties of dispersed metal oxides usually being very different from those of the corresponding bulk phases. In addition to the effect of the support, the amount of metal oxide loaded also has a very strong impact on the nature of the interaction between the metal oxide and the support (Tanabe 1987) .
In previous papers Auroux et al. 1996) , the results of microcalorimetric and catalytic studies of the acidic character of pure oxide supports and doped or supported oxides (depending on the amount of guest oxide) were reported. However, although the strength and number of acid-base sites were easily determined by these two methods, no information was obtained about the nature of these sites.
Infrared spectroscopy of adsorbed molecules is a very useful procedure for identifying the nature of surface sites in high surface area oxides. The method has been applied by several authors *Author to whom all correspondence should be addressed. E-mail: auroux@catalyse.cnrs.fr.
to studies of metal oxides, and without doubt, pyridine and CO 2 have been used most extensively as probes to study the nature of acidic or basic sites (Busca and Lorenzelli 1982; Berteau et al. 1991; Turek et al. 1992; Emeis 1993; Flego et al. 1995; Barzetti et al. 1996; Morterra and Magnacca 1996a,b; Ziolek et al. 1996; Liu and Truitt 1997) .
In the present work, we have investigated the acid-base properties of pure and modified alumina loaded with various amounts of lithium or sulphate ions (from 0.5 to 50 mol% metal ion/mol support) by infrared spectroscopy. The probes used in the chemisorption process were pyridine and carbon dioxide, respectively.
EXPERIMENTAL Adsorbents
The alumina-supported metal oxide catalysts were prepared by the incipient wetness method starting from g-Al 2 O 3 (Akzo-Chemie, 99.9% purity, specific surface area = 208 m 2 /g) Auroux et al. 1996) . Weighed amounts of g-Al 2 O 3 powder were impregnated with aqueous solutions containing known concentrations of lithium acetate (Strem) or ammonium sulphate (Prolabo). The amount of additive (Li + , SO [2] [3] [4] ) added was varied on a theoretical basis from 1 mol% to 10 mol% and 50 mol% metal ion/mol alumina. However, chemical analysis showed that the theoretical values were, in fact, not always attained. A more detailed description of the preparation technique can be found elsewhere Auroux et al. 1996) .
The samples were dried and calcined at 500°C for 10 h. The surface area values of the oxides are listed in Table 1. This table summarizes A. Auroux and A. Gervasini/Adsorption Science & Technology Vol. 21 No. 8 2003 The acid-base properties of the alumina support and the doped samples were determined in a previous study by adsorption microcalorimetry using ammonia and sulphur dioxide as probe molecules . The results are summarized in Table 2 .
Infrared measurements
The samples were pressed into thin self-supporting wafers (» 25 mg) of 18 mm diameter using a pressure of 3 ´10 5 Torr (1 Torr = 133.4 Pa). They were mounted into a Pyrex cell equipped with CaF 2 windows, allowing pretreatment under a gas flow or vacuum. The FT-IR data were collected over the spectral range 4000-1000 cm -1 using a Bruker IFS4D apparatus operating at a resolution of 2 cm -1
. The samples were heated in situ in the IR cell to 500°C overnight under an oxygen flow at a rate of 2°C/min and then evacuated for 30 min. Upon cooling at room temperature, the IR spectra for the hydroxyl region of the pretreated samples were recorded.
The IR spectra of CO 2 adsorbed on the Li
-modified alumina catalysts were obtained by exposing the samples to 30 Torr of CO 2 (from Air Liquide, 99.99% purity) at room temperature for 15 min, followed by evacuation to 10 -5 Torr for 2 h. Evacuation of the cell at room temperature allowed the elimination of the gas phase and weakly adsorbed species. The samples were then evacuated stepwise at increasing temperatures up to 500°C. The infrared spectrum was recorded at the end of each desorption step, the number of scans per spectrum being 100.
The infrared spectra of the chemisorbed pyridine were recorded similarly. Pyridine (from Aldrich, 99.9% purity, further purified and stored over molecular sieves) was introduced into the cell at 10 Torr and contacted with the catalyst for 15 min. Pyridine was subsequently desorbed by maintaining the sample in vacuum for 2 h in the presence of stepwise increasing temperatures. The IR spectrum of the chemisorbed pyridine was then recorded at room temperature and for each evacuation temperature. 
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RESULTS
Infrared spectra of the hydroxyl region
The IR spectra in the hydroxyl region, before the chemisorption of CO 2 or pyridine, are presented for the pure and lithium ion-modified aluminas in Figure 1 and for the pure and sulphated aluminas in Figure 2 , depending on the surface coverage. The spectra represented in the range 3000-4000 cm -1 were investigated after oxygen pretreatment at 500°C and further evacuation as described in the Experimental section. Changes in the n(OH) absorption frequency were monitored using difference spectra. For example, changes occurring as a result of the lithium ion treatments could be visualized by subtracting the Al 2 O 3 reference absorption spectrum from that recorded for Li A. Auroux and A. Gervasini/Adsorption Science & Technology Vol. 21 No. Five different n(OH) bands were observed on pure alumina at 3790, 3770, 3750 and 3728, and a doublet at 3690-3670 cm -1 , respectively. Table 3 summarizes the bands remaining after loading with additives. In addition, a small line was observed at 3630 cm -1
. Progressive loading with lithium ions (Figure 1 ) resulted in an improved resolution of the n(OH) absorption band and caused the erosion of the shoulder at 3790 cm -1 and a decrease in the intensity of the band at 3770 cm -1 , both of which ultimately vanished at high lithium ion coverage. The small band at 3630 cm -1 also disappeared. This may be observed in Figure 1 , the difference spectrum (c) showing negative absorptions at 3790 cm -1 (as a shoulder) and at 3770 cm -1
. A small symmetrical shoulder developed at 3750 cm -1 together with a band at 3730 cm -1 , the latter shifting to higher wavenumber to merge into a single absorption band at 3750 cm -1 . Similarly, the twin bands at 3690-3670 cm -1 became sharper and developed into a single band at 3680 cm -1
. These two absorption bands may be clearly defined as positive absorptions in the difference spectrum ( Figure 1 , trace c).
Loading with ammonium sulphate caused the original shoulder at 3790 cm -1 to disappear ( Figure 2 ). As the sulphate content increased, not only did the shoulder at 3790 cm -1 disappear but the bands at 3770 cm -1 and 3730 cm -1 were strongly affected. The least affected was the doublet at 3690-3670 cm loading. An ill-resolved doublet developed in the S5O vibration region at 1355 cm -1 and 1370 cm -1 , which shifted to higher frequency and increased in intensity as the SO 2-4 content increased, being located in the 1384-1400 cm -1 domain at the highest SO 2-4
loading.
Pyridine adsorption
The -OH absorption frequency
All the n(OH) vibration frequencies were affected upon adsorption of pyridine. Thus, the highfrequency absorption was removed completely while all others were broadened and shifted to lower wavenumbers. In addition, a broad band centred at ca. 3570-3540 cm -1 developed, although this progressively weakened and shifted to higher frequency as pyridine was evacuated. At 450°C, when all pyridine had been eliminated, the n(OH) absorptions were restored to their original shape, intensity and positions. Again, the highest frequency was always the last to recover its initial state. These results are in agreement with previous findings (Peri 1965 (Peri , 1984 Knõzinger 1976; Knõzinger and Ratnasamy 1978) .
The pyridine vibration modes
Strong and sharp bands developed simultaneously in the 1700-1400 cm -1 domain. This is the region where absorptions corresponding to the most informative vibration modes of pyridine occur. These vibration modes have been described and illustrated in the literature (Long and Thomas 1963) . Prominent absorptions are those related to Lewis acid sites at 1623 cm -1 (8a), 1578-1580 cm -1 (8b), 1492 cm -1 (19a) and 1450 cm -1 (19b). Obviously, no specific absorption of pyridinium ions [1540 cm -1 (19b) or 1630-1635 cm -1 (8a)] could be observed, thereby excluding the presence of surface Brönsted sites. However, hydrogen-bonded pyridine at the surface of alumina was revealed by the occurrence of absorptions at 1445-1448 cm -1 (19b), 1595 cm -1 (8b) and 1610 cm -1 (8a), which all disappeared following pyridine evacuation at 250°C (see Figure 3) . The most prominent absorptions and those which most resisted thermal evacuation of pyridine were those associated with Lewis acid-bound pyridine appearing at 1450 cm -1 (19b), 1492 cm -1 (19a), 1580 cm -1 (8b) and a split band at 1612-1623 cm -1 (8a). The 1623-cm -1 component was the most stable thermally, while that at 1612 cm -1 was reduced to a shoulder upon evacuation at 250°C and disappeared at 350°C: two distinct Lewis acid sites seemed to co-exist at the alumina surface.
When alumina was doped with 1% lithium (Li-Al-1) [ Figure 4 (A)], the same type of behaviour was observed. However, when the lithium ion content was increased to 10% (Li-Al-10), the lowfrequency components of the 19b and 8a modes resisted evacuation at higher temperatures than in the case of pure alumina, while the principal component (high-frequency component) was less stable [Figure 4(B) ]. Higher lithium ion loadings (Li-Al-50) resulted in a drastic decrease in the intensities of all absorptions related to the various types of chemisorbed pyridine [Figure 4(C) ], the high-frequency components of the 8a and 19b modes being of lower intensity than the lowfrequency components in contrast to former observations. In addition, almost all chemisorbed pyridine was removed following evacuation at temperatures as low as 250°C. These results seem to indicate that high loading with lithium ions decreased the number of Lewis acid sites and dramatically affected their strength. This was particularly true for those which were the strongest and which were characterized by the high-frequency components of the 19b and 8a modes.
Treatment of alumina with ammonium sulphate led to a considerable modification of pyridine adsorption over alumina when the sulphur load was ca. 1%. It was possible to spot a very weak absorption at ca. 1550 cm -1 , indicative of the formation of a limited number of Brönsted acid sites. Also the n(SO) absorption decreased in intensity.
The larger proportion of Lewis acid sites characterized by the low-frequency components of the 8a and 19b vibration modes of pyridine are worthy of note, together with their increased strength compared to those present on the surface of pure alumina, and even more so compared to those present on lithium-doped alumina. These retained pyridine at temperatures well above 350°C. Lewis acid sites of the other type (high-frequency components) were also strengthened by treatment with ammonium sulphate. Larger sulphate contents (S-Al-50) ( Figure 5 ) resulted in a clear (19b), 1490 cm -1 (19a) and 1637 cm -1 (8a). The intensity of the absorptions ascribed to Lewis acid-bound pyridine was considerably decreased and pyridine was much less tightly held to the surface than on samples containing a lower percentage of sulphate species. In addition, pyridine adsorption resulted in a low-frequency shift of the v(SO) band from 1397 cm -1 to 1337 cm -1 . This gradually shifted backwards as pyridine was removed ( Figure 5 ).
Carbon dioxide adsorption
Although CO 2 has been observed to bind to exchangeable cations in zeolites which behave as strong polarizing Lewis acid centres, CO 2 also adsorbs on metals or metal ions in oxides and may sometimes behave as an oxidant (Laachvi et al. 1991) . Despite these peculiar cases, CO 2 is generally thought of as a rather inert molecule and an acidic probe. As such, it was considered as a proper molecule to probe basic sites over a variety of solids considered as containing Brönsted basic sites.
Over basic hydroxyl groups considered as Brönsted basic sites, CO 2 reacts (adsorbs) to form hydrogen carbonates (HO-CO-O-), usually covalently bound to the cation of the basic oxide and characterized via its n(OH) absorptions at ca. 3610 cm the actual structure could be unidentate, polydentate or bridging . The symmetry of the CO 2-3 species then changes, giving rise to various active absorption modes and usually making it possible to obtain an accurate picture of the structure of the adsorbed CO 2 molecule .
Activated pure alumina contacted with CO 2 behaved as described in the literature . Essentially, the high-frequency bands were eroded and a new sharp band appeared at 3610 cm -1 characteristic of the hydrogen carbonate [n(OH)]. In the C-O vibration modes domain, CO 2 adsorption on pure alumina gave rise to n(CO) absorptions at 1645, 1479 and 1442 cm -1 , and to d(OH) absorption at 1223 cm -1
. In accordance with the presence of the n(OH) absorption at 3610 cm -1 , the presence of the latter is indicative of the formation of hydrogen carbonates. Lithium ion-modified alumina behaved much in the same manner upon addition of CO 2 as did pure alumina, i.e. the remaining high-frequency absorptions at 3790 and 3750 cm -1 were affected as may be seen from the difference spectrum trace in Figure 6 (A) (trace c = b -a). In addition, as in the case of pure alumina, a new n(OH) absorption appeared which seemed, in fact, to be an illresolved doublet at 3610-3620 cm , both assignable to hydrogen carbonates. Simultaneously, in the n(OH) vibration domain, in addition to the n(CO) absorption already observed and reported for pure alumina at 1645, 1479 and 1442 cm -1 , new bands appeared at 1325, 1400, 1705 and 1737 cm -1
. Moreover, the d(OH) band at 1228 cm -1 was also present, confirming the presence of hydrogen carbonates. A small shift was observed relative to the 1223 cm -1 band recorded for the same d(OH) in the case of pure alumina. Also noteworthy was the relative decrease of the 1480 cm -1 absorption band compared to the 1442 cm -1 absorption band [ Figure 6 (B)]. In the case of the sulphate-modified alumina (S-Al-10), the addition of CO 2 also resulted in the reduction of the intensity of the remaining absorption at 3770-3780 cm -1 , as may be seen from the difference spectrum of Figure 7 (A) (trace c = b -a). The bands at 3705 and 3740 cm -1 also appeared to increase somewhat in intensity. As for all other samples, adsorption of CO 2 was accompanied by the appearance of the band at 3610 cm -1 indicative of the presence of hydrogen carbonates. Since at high sulphate ion content the n(OH) vibrations of the sulphated alumina diminished in intensity quite considerably (especially the high-frequency absorptions), addition of CO 2 gave rise to only small modifications apart from a small band at 3610 cm -1 [ Figure 7 (B)]. The same bands as with pure alumina were present in the n(OH) domain, together with the n(SO) vibration and the small d(OH) absorption at 1228 cm -1
. Interestingly, the addition of CO 2 resulted in a decrease in the intensity of the n(SO) vibration. This was checked in two different ways. First, the spectra obtained at different contact times were compared and it was clearly apparent that the n(CO) absorption bands developed at the expense of the n(SO) band, as may be seen from Figure 8 (A). Secondly, this is also clearly apparent from the difference spectrum where both the n(CO) and the d(OH) bands developed (positive absorptions) and the n(SO) band decreased (negative absorption) [Figure 8(B) ].
At high sulphate ion content, the adsorption of CO 2 barely modified the IR spectrum either in the n(OH) region or in the S5O and CO vibration domains.
DISCUSSION
The observed n(OH) vibrations of pure alumina were in line with previous reports by several authors (Peri 1965; Knözinger 1976) . Their spectral positions depended on the method of sample preparation employed and on the degree of hydration or dehydration. The high-frequency absorptions were ascribed to the most basic -OH groups. The reactivity of these groups towards pyridine and CO 2 was in line with previous observations . Loading with lithium ions resulted in a decrease in the n(OH) vibrations at 3790 cm -1 and 3770 cm -1 . Similarly, the adsorption of pyridine primarily affected these hydroxyl groups, which were the last to recover upon progressive removal of adsorbed pyridine. Carbon dioxide adsorption also involved these groups and gave rise to new -OH groups due to the formation of hydrogen carbonates, characterized by a n(OH) absorption at 3610 cm -1 and a d(OH) absorption at 1225-1230 cm -1 . The latter data generated by CO 2 adsorption clearly confirmed the basic character of the hydroxyl groups corresponding to the n(OH) absorptions at 3790 cm -1 and 3770 cm -1 . However, their reactivity towards pyridine and their disruption upon loading with lithium ions also demonstrate their partial or simultaneous acidic character. In other words, these -OH groups were amphoteric rather than being solely basic hydroxide groups, thereby accounting for their high reactivity towards acidic probes (such as CO 2 , SO 2 ) and basic probes (such as pyridine) and the mobility of their protons which could be exchanged with lithium ions.
A summary of the results obtained on the same samples by NH 3 and SO 2 adsorption in a coupled volumetric-calorimetric apparatus is shown in Table 2 . The results indicate the amphoteric character of Al 2 O 3 both in terms of the number of acidic and basic sites (V ads ) and of acidic and basic strength (Q int ), in agreement with the -OH reactivity discussed above. The values of V ads and Q int for the alumina modified with Li + or SO [2] [3] [4] ion additives indicate a well-marked increase and a strong decrease in basicity, respectively. The increase in acidity with sulphate ion loading is very visible while the addition of lithium ions gave rise to a decrease in acidity only at high loading. The nature of the molecular additives present on the modified alumina surface may be deduced from the infrared measurements presented here and detailed below. The -OH groups of the acid sulphate group may be depicted as in agreement with preceding authors (Lavalley 1996). However, Kustov et al. (1994) , in a study of sulphated zirconia, recently reported the occurrence of a broad band at 3250-2950 cm -1 ascribed to the -OH group of the terminal Zr-O-SO 2 -OH groups, in addition to a general high-frequency shift of the central bands of zirconia described as being dependent on the nature of the sulphating agent and on the experimental variables. We did not observe such a band in the case of alumina and this band was not reported in the study of sulphated alumina undertaken by Waqif et al. (1992) , which may have been due to an unusually broad absorption.
It was also observed that when the SO [2] [3] [4] ion concentration increased, the S5O absorption frequency also increased thereby indicating an increased bond order. This may be explained by considering the following picture of the sulphated alumina surface. At low SO [2] [3] [4] ion concentrations, species such as: are dominant, whereas at high loading, adjacent OSO 3 H groups, i.e. preclude additional interactions of the free S5O groups with adjacent aluminium ions.
At low loading, it may also be assumed that the sulphate species could be bound directly to two aluminium species as in addition to interaction of the free S5O groups with coordinatively unsaturated aluminium atoms in the vicinity. Such interactions may cause changes in the residual -OH absorption
Infrared Study of Acidity of Modified Aluminas frequencies. Also at low loading, the chances of observing -OH groups due to the acidic are slim. The acidity of modified alumina is characterized by the presence of two types of Lewis acid centres and by the occurrence of rather strong sites capable of hydrogen bonding towards pyridine, essentially related to the high-frequency -OH groups. The presence of two distinct Lewis acid centres is not surprising in view of the heterogeneous nature of the partially dehydroxylated alumina surface. The environment of the coordinatively unsaturated aluminium ions is rather variable as is the environment of the various residual hydroxyl groups.
Modification with lithium ions is likely to consume primarily the most reactive Al-O-H groups and it is therefore not surprising that these (the high-frequency groups) were affected first.
It is therefore likely that this will result in the disappearance of the -OH groups that retain pyridine via strong hydrogen bonding, which was indeed observed on the one hand; on the other hand, the strongest Lewis centres were weakened presumably via the inductive effect of the newly generated AlO -groups, i. which may not act as a Lewis acid-type centre as such and when activated in oxygen could give rise to unreactive new -OH species adjacent to the lithium aluminate. This type of chemical behaviour for the alumina surface has already been proposed under similar circumstances (Mitchell et al. 1996) . Modification with ammonium sulphate is more interesting as it changed the surface acidity of alumina in a more dramatic fashion. Indeed, adsorption of pyridine showed that even a rather low loading (ca. 1%) resulted in the generation of hydroxyl groups which were sufficiently reactive to form pyridinium ions characterized by a broad absorption (19b). This broad feature may reflect an inhomogeneously restricted vibration mode to the combined action exerted by the alumina surface and the OSO -3 group. In addition to the generation of Brönsted sites, whose number increased with increasing sulphate loading, sulphation of alumina resulted in an enhanced strength for both types of Lewis acid sites originally present on the surface of the parent material. The reason for this strengthening is not immediately clear. However, it may be assumed that, while some of the Lewis acid centres on pure alumina are adjacent to Al-OH, they are now adjacent to Al-OSO 3 H or Al-OSO -3 PyH + whose Al-O bond is much more ionic. This, in turn, would result in an inductive effect that leads to electron removal from the Lewis acid centre, thereby strengthening it.
The adsorption of CO 2 similarly involved the same -OH groups as pyridine to form hydrogen carbonates characterized both by the n(OH) vibration at 3610 cm -1 and the d(OH) vibration near 1230 cm -1 . The amphoteric character of these -OH groups is illustrated by their reactivity towards CO 2 and their ability to retain pyridine via strong hydrogen bonding together with their propensity to exchange their protons for Li + ions. Indeed, because it primarily affected these reactive highfrequency -OH groups (as can be seen from Figure 1 , trace c), modification of alumina with lithium ions resulted in a decreased number of hydrogen carbonates since the reactive AlOH groups capable of behaving as effective nucleophiles towards CO 2 were replaced by AlO -Li + aluminate groups. Although modification by lithium ions resulted in the consumption of the highfrequency AlOH groups which generated hydrogen carbonates upon addition of CO 2 , characterized by the n(OH) absorption at 3610 cm -1 and the d(OH) vibration at 1228 cm
, it also resulted in a new hydrogen carbonate species characterized by a significantly higher n(OH) absorption frequency at 3620 cm -1 , quite distinct from that corresponding to the same species on unmodified alumina. It is doubtful if any free LiOH exists at low lithium ion content that could generate distinct hydrogen carbonates, especially after activation at 500°C. It is more likely that Li + ions could modify the charge density at the oxide ions of the particular hydrogen carbonates. New carbonates were also formed in addition to hydrogen carbonates, probably at the expense of those formed on pure alumina, as may be seen from a comparison of Figures 6(B) and 7(B). These carbonates, i.e. Infrared Study of Acidity of Modified Aluminas might form as a result of the reaction of CO 2 with lithium oxide deposited at the alumina surface. The surface basicity of alumina, as represented by amphoteric Al-OH and, possibly, surface oxide ions giving rise to hydrogen carbonates and to various types of carbonates, respectively, is progressively substituted by an alkali-type basicity (Li 2 O-type) which upon rehydration might give rise once more to basic -OH groups.
Moderately sulphated alumina reacted with CO 2 in much the same way as unmodified alumina. Yet, the formation of carbonates was now accompanied by a decrease in the S5O vibration. This may be due to the displacement of the surface group by CO 2 , i.e. since the phenomenon is reversible; removal of CO 2 restored the SO absorption at its original intensity. It may be that proton transfer occurred between the OSO 2 OH species and the O-CO 2 -species to generate O-CO 3 H species and -OSO -3 whose SO vibration was shifted to lower frequencies.
Highly sulphated alumina barely retained CO 2 , presumably because sulphation consumed both reactive Al-OH groups which were converted into acidic Al-OSO 3 H species as shown essentially via pyridine adsorption, and also the basic oxide ions presumably via cleavage of those reactive bridges to form bidentate sulphate groups, i.e. no longer available to form the carbonate species, i.e.
CONCLUSIONS
Infrared studies of the structural properties and changes in the acid-base behaviour of alumina via treatment with lithium acetate or ammonium sulphate showed that the same -OH groups were involved in both modifications acting, in turn, as acidic -OH groups to exchange their protons with the Li + ion, as basic groups to exchange with acid sulphate anions or as strong basic nucleophiles to form hydrogen carbonates with carbon dioxide.
Alumina modified via loading with lithium ions experienced a general decline in the strength of its initial Lewis acid centres. It is worth noting that the Li + ions did not act as new Lewis acidtype centres even at high loading where, in addition to lithium aluminate, they might have formed a lithium oxide-type layer behaving as a new basic species forming lithium carbonates upon adsorption of carbon dioxide.
As expected, sulphated alumina showed a Brönsted-type acidity, presumably due to the presence of Al-O-SO 3 H groups which were detected via the S5O absorption and not via their SOH entities. Also, as expected, the basic properties inherent to the parent material were totally inhibited by sulphation.
